1. Introduction {#s0005}
===============

Coumarin derivatives have manifold pharmacological properties showing, for example, antidiabetic \[[@bb0005]\], antiviral \[[@bb0010]\], anti-inflammatory \[[@bb0015]\], as well as anticancer and antileukemia activities \[[@bb0020],[@bb0025]\] and acting as adenosine receptor antagonists \[[@bb0030]\] and monoamine oxidase inhibitors \[[@bb0035],[@bb0040]\]. Beside the identification of coumarin derivatives as lead structures against different targets, coumarins are frequently used because of their fluorescent properties to label substrates or inhibitors of several enzymes \[[@bb0045]\]. Through some minor modifications at the coumarin scaffold, it is possible to obtain small molecules with excellent stability, good fluorescence, high quantum yield and sufficient water solubility \[[@bb0050],[@bb0055]\].

This review will focus on coumarins as fluorescence dyes to generate substrates and probes for serine and cysteine proteases. These two classes of proteolytic enzymes share an acyl transfer mechanism of the peptide bond cleavage involving the nucleophilic attack of the active site serine hydroxyl and cysteine thiolate nucleophile, respectively, at the carbonyl carbon of the scissile bond ([Fig. 1](#f0005){ref-type="fig"} ). Specificity of proteases is generally achieved through defined interactions of amino acid residues and certain subsites at the active site. The small size of fluorescent coumarins suggests their incorporation into the side chain of amino acids and the generation of fluorescent peptides. Internally quenched fluorescent (IQF) peptide substrates make use of this option. They consist of a fluorophore*, e.g.* a coumarin, and a quencher moiety, separated by several amino acids. Proteolytic cleavage of any peptide bond within this portion leads to a loss of quenching and the concomitant generation of fluorescence. Such IQF peptides have frequently been employed for the positional profiling of protease substrates to perform an active-site mapping and to elucidate substrate specificity \[[@bb0045]\].Fig. 1Active site of a substrate-bound serine or cysteine protease. The peptide sequence covering P2 to P3´ residues and the corresponding subsites comprising S2 to S3´ in the nomenclature of Schechter and Berger \[[@bb0060]\].Fig. 1

In addition to the utilization of coumarins for the reconstruction of specificity profiles for serine and cysteine proteases, this review will also highlight the role of coumarins as structural components of activity-based probes (ABPs). Serine and cysteine proteases, both of which are characterized by a covalent mode of catalysis, are particularly suitable to be targeted by ABPs. These probes elicit an irreversible inhibition of the protease because the nucleophilic attack is directed to an electrophilic moiety of the probe, the so called warhead. The sulfur of a cysteine protease represents a soft nucleophile and thus prefers soft electrophiles such as acyloxymethyl ketones, epoxysuccinates and Michael acceptors. In contrast, the serine proteases favor harder electrophiles like phosphonates or isocoumarins \[[@bb0065]\]. Next to the warhead, ABPs contain two further parts, a spacer and a tag ([Fig. 2](#f0010){ref-type="fig"} ). The highest impact on the specificity of an ABP is caused by the spacer, which can consist of a well-accepted peptidic recognition unit. The tag permits the detection of the inhibited protease, either through biotin or fluorescent reporters, among which cyanines, fluoresceins, boron-dipyrromethene (BODIPY) derivatives and coumarins have been frequently employed \[[@bb0070]\]. The introduction of the latter fluorophore into ABPs for serine and cysteine proteases will be considered in this review. We will not discuss the detection and quantification of inorganic ions or low-molecular weight thiols by means of coumarin-containing probes, which has comprehensively reviewed elsewhere \[[@bb0055]\].Fig. 2Application of fluorescent activity-based probes for the detection of target proteins on SDS-PAGE gels.Fig. 2

2. Some chemical and biochemical properties of coumarins {#s0010}
========================================================

Coumarins are aromatic lactones. The aromatic character of coumarin was confirmed by topological resonance energy and nucleus independent chemical shift values and calorimetric measurement \[[@bb0075],[@bb0080]\]. Thiocoumarin, in which the ring oxygen is replaced by sulfur, is somewhat more stable \[[@bb0075]\], similar to the comparison of 4*H*-3,1-benzoxazin-4-ones and 4*H*-3,1-benzothiazin-4-ones \[[@bb0085]\]. Hydrolysis of coumarins at high pH produced *cis*-coumarinic acids, and lactonization of this species occurred at low pH. Coumarin (**1**, [Fig. 3](#f0015){ref-type="fig"} ) had a half-life of 160 min at pH 10 and 25 °C \[[@bb0090]\]. A 7-methoxy and, more pronounced, 7-diethylamino substitution of 4-methylcoumarin led to a reduced reactivity in alkaline hydrolysis \[[@bb0095]\], whereas introduction of an electron-withdrawing phenyl group at position 3 accelerated this reaction \[[@bb0100]\].Fig. 3Selected fluorescent coumarin derivatives.Fig. 3

Besides their bioactivities, the importance of coumarins rests upon their fluorescent properties as short-wavelength reactive dyes. They have been widely applied for the detection of proteins or other biological targets. The parent compound **1** ([Fig. 3](#f0015){ref-type="fig"}) is a weak fluorophore with low quantum yield. However, a combination of an electron-withdrawing substituent at 3-position and an electron-donating group at 7-position produces high fluorescence quantum yields. The 7-methoxy derivative **2** and the 7-diethylamino analogue **3** have absorption and emission maxima of 366 nm and 478 nm (in acetonitrile) \[[@bb0105]\], and 418 nm and 461 nm (in ethanol) \[[@bb0110]\], respectively. 7-Diethylamino derivatives are established fluorophores, but their fluorescence is quenched in aqueous medium. The primary amines **5**--**7** are frequently used moieties for fluorogenic peptide substrates. Fluorescence is generated only when the 7-aminocoumarin is released from the 7-peptidylcoumarin through the protease-catalyzed hydrolysis of the amide bond. Compounds **4** and **5** (AMC) exhibit maxima for absorption and emission of 404 nm and 445 nm (in ethanol) and of 354 nm and 435 nm (in ethanol), respectively \[[@bb0115]\].

As coumarin derivatives exhibit a broad spectrum of biological effects, their pharmacokinetics is well known. For example, coumarin itself (**1**), a plant ingredient *e.g.* of tonka beans and sweet woodruff, is rapidly metabolized in the liver *via* the cytochrome CYP2A6 through hydroxylation at the free positions C3-C8, with 7-hydroxycoumarin representing the main metabolite. The hydroxylated derivatives are coupled with glucuronic acid and the conjugates are eliminated *via* the kidney. Other coumarin-containing xenobiotics are metabolized by other CYP enzymes, for example the vitamin K epoxide reductase (VKOR) inhibitors warfarin and phenprocoumon *via* CYP2C9 and CYP3A4, respectively \[[@bb0120],[@bb0125]\].

Regarding the photophysical behavior of 7-aminocoumarins, a planar, highly emissive intramolecular charge-transfer (ICT) excited state and a non-fluorescent twisted intramolecular charge-transfer (TICT) state have been rationalized ([Fig. 4](#f0020){ref-type="fig"} ). Preventing this twisting process increases the quantum yield and restores fluorescence in aqueous media, as can be achieved through rigidization of the amino group in one or two rings \[[@bb0055],[@bb0130]\]. In coumarin 343 (**8**), longer wavelengths of excitation (440 nm) and emission (480 nm, in aqueous solution) appear \[[@bb0135]\]. The extension of the π-electron system due to coupling in position 3 with a heteroaryl substituent and sulfonation at position 6 resulted in a bathochromic shift, high quantum yield and good water solubility of the resulting dye **9** with an absorption maximum of 426 nm and an emission maximum of 481 nm (in aqueous solution) \[[@bb0050]\].Fig. 44-Substituted-7-aminocoumarins as fluorescent compounds (R = alkyl).Fig. 4

The incorporation of coumarin moieties into the side chain of amino acids has frequently been carried out and utilized for the assembly of fluorescent probes. Two prototypical structures are exemplary depicted in [Fig. 3](#f0015){ref-type="fig"}. In compounds **10** (X = N, O, OR; *n* = 1--4), the linkage is realized through an amide bond \[[@bb0140], [@bb0145], [@bb0150], [@bb0155]\], while in **11**, an alkylidene chain connects the coumarin C-4 with the α‑carbon of the amino acid \[[@bb0160], [@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185]\].

3. Coumarin derivatives as serine protease inhibitors {#s0015}
=====================================================

The pharmacology of coumarins is closely related to hemostatic processes, mainly conducted by serine proteases, which are, however not directly affected by most of the coumarins. Until the early 1930s, cows and sheep consistently died for unexplained reasons through internal bleeding. In 1921, Schofield and Roderick independently discovered, that the disease was caused by hay contaminated with the sweet clovers *Melilotus alba* and *Melilotus officinalis* and thus was named sweet clover disease \[[@bb0190]\]. Putrefactive bacteria in the hay, such as *Aspergillus fumigatus* led to the formation of dicumarol (**12**, [Fig. 5](#f0025){ref-type="fig"} ) \[[@bb0195]\]. This coumarin dimer turned out to be a VKOR inhibitor, hence decreasing antithrombotic proteins. In 1941, dicumarol was established as anticoagulant and was the first approved coumarin-containing drug \[[@bb0190]\]. The coumarin derivatives phenprocoumon and warfarin are still on the market as VKOR inhibitors.Fig. 5Anticoagulant coumarin derivatives.Fig. 5

There are reports on coumarin-based compounds acting as serine protease inhibitors \[[@bb0200]\], which will be discussed in the following. The trypsin-like serine protease factor XIIa operates as the starting point for the intrinsic pathway of the secondary hemostasis. FXIIa activates plasma kallikrein which produces an amplification loop of FXII activation. In the coagulation cascade, factor XIIa ultimately leads to the activation of factor X to Xa, which itself activates, together with factor Va, prothrombin. Coumarin derivatives of the anilide type **13** and **14** ([Fig. 5](#f0025){ref-type="fig"}) have been described as active site-directed factor XIIa inhibitors. Both compounds show activity with IC~50~ values of 4.3 μM \[[@bb0205]\] and 5 μM \[[@bb0210]\]. The halogens from the fused benzene ring of **14** are assumed to point to a tyrosine residue of a hydrophobic region within the active site of factor XIIa and the *para*-chlorophenol ring to extend towards the entry of the S1 pocket. The lactone function may contribute to binding by forming hydrogen bonds \[[@bb0210]\]. Both representative inhibitors were selective for factor XIIa over the related enzymes thrombin, factor Xa, factor VIIa, and plasma kallikrein \[[@bb0205],[@bb0210]\].

The 3-carboxamide-coumarins of type **13** and **14** are devoid of a latent alkylating function. In contrast, coumarins of type **15**--**17** are thought to display a different interaction with target serine proteases. Studies of Frédérick et al. have been focused on the inhibition of the trypsin-like enzymes factor Xa and thrombin by such coumarins \[[@bb0215], [@bb0220], [@bb0225]\]. Factor Xa acts in the clotting cascade by converting prothrombin into thrombin in the presence of phospholipids and calcium. Factor Xa is a connecting link between internal and external ways of coagulation. Factor Xa inhibition has become a particular successful strategy in the development of new anticoagulants. Thrombin represents the terminal serine protease of the blood clotting cascade. It acts as a stimulator of platelet activation and as the direct converter of the glycoprotein fibrinogen to fibrin. Thrombin amplifies its own generation by feedback activation of factors V, VII and IX. Moreover, thrombin also activates factor XIII by cleaving an activation peptide segment. The resultant transglutaminase introduces the covalent crosslinks into the fibrin clot \[[@bb0230]\]. Compound **15** show a pronounced inhibition of chymotrypsin \[[@bb0235]\], rather than of thrombin and factor Xa. Coumarin **16** exhibited a second-order rate constant of thrombin inactivation of 37,007 M^−1^ s^−1^. Activity against chymotrypsin was reduced in the order **15** to **17**, and the latter compound was more potent against thrombin (*k* ~i~/*K* ~i~ = 3457 M^−1^ s^−1^) than against chymotrypsin \[[@bb0225]\]. The introduction of a *para*-guanidino group into the phenoxy part of such coumarins led to water soluble derivatives \[[@bb0240]\].

The postulated interaction of mechanism-based inhibitors of type **15**--**17** is initiated by the attack of the active-site serine hydroxyl nucleophile at the lactone carbon, which leads to a ring-opened structure with a covalently bound serine ([Fig. 6](#f0030){ref-type="fig"} ). The formation of such an acyl enzyme is not irreversible. Slow hydrolysis can occur to relieve the enzyme and produce the "destroyed", ring-opened compound. Indispensable for the suicide mechanism is a good leaving group in position 6 linked *via* a methylene group. Its elimination can create a *para*-quinone methide derivative, able to subsequently react in an irreversible way with an active-site nucleophile. A covalent mechanism (step 1 in [Fig. 6](#f0030){ref-type="fig"}) already confirmed by the crystal structure of the complex of 7-hydroxycoumarin bound to γ-chymotrypsin where 2,4-dihydroxycinnamic acid is acylating the active site serine \[[@bb0245]\], PDB entry 1K2I.Fig. 6Enzyme-catalyzed hydrolysis of coumarins and suicide mechanism of inactivation \[[@bb0215],[@bb0250]\], NuH, nucleophile; LG, leaving group.Fig. 6

Plasma kallikrein and the fifteen closely related tissue kallikreins are part of the kallikrein family of serine proteases. The tissue kallikreins are potential drug targets for several disorders, including respiratory, cardiovascular, and dermatological diseases, as well as cancer. The expression of various tissue kallikreins was identified in the skin, among which kallikrein 7 (stratum corneum chymotryptic enzyme) is involved in epidermal desquamation by degrading corneodesmosome proteins \[[@bb0255]\]. Tan et al. have investigated coumarins of type **15**--**17** towards kallikrein 7 and highlighted the same suicide mechanism \[[@bb0250]\].

4. Coumarin-labeled substrates {#s0020}
==============================

Proteases represent an important class of enzymes found in all kingdoms of life. Thereof, approximately 37% are serine and 17% cysteine proteases \[[@bb0260]\]. In the human genome, on its own, over 600 genes for proteases have been identified \[[@bb0265]\]. On the one hand, knowledge about endogenous substrate and the respective cleavage sites allows determining the specificity of a certain protease. On the other hand, based on a given substrate specificity, so far unknown substrates of a protease can be assumed. Moreover, the preferred amino acid sequence around the scissile peptide bond can be employed to create specific and highly active peptidomimetic inhibitors for further drug development. Besides the application as drugs, pharmacological and biochemical tool compounds, in particular activity-based probes can be designed and employed to study the protease of interest in detail.

A commonly used principle for the identification of favored substrate sequences and the generation of such substrates is the implementation of a positional scanning synthetic combinatorial library (PS-SCL) \[[@bb0270],[@bb0275]\]. In a peptide sequence, for example with four amino acids P1-P4, one position is fixed with a known amino acid, while the others contain an equimolar or isokinetic mixture of natural amino acids. The expansion by unnatural amino acids led to hybrid combinatorial substrate libraries (HyCoSuLs) \[[@bb0280],[@bb0285]\]. In a fluorogenic PS-SCL, the C-terminal P1 amino acid is coupled to a fluorophore, which is buried in the S1´ pocket. Protease-catalyzed cleavage of the amide bond between the P1 amino acid and the dye results in time-dependent increase in fluorescence, amenable to kinetic measurements. By means of this technique, it is possible to study the impact of the known amino acid at the desired position independent of the other ones. Thus, PS-SCLs provide information on the particularly preferred amino acid residues at the corresponding positions and allow for the deconvolution to obtain an optimal peptide sequence. The resulting substrates can be characterized by the specificity constant *k* ~cat~/*K* ~m~ with high values corresponding to suitable substrates. As a matter of course, such an active site mapping is limited to the non-primed positions \[[@bb0280],[@bb0290]\].

Coumarin derivatives are prevailingly applied fluorophores for such attempts. Owing to small size, they are well acceptable in the S1´ pocket. 7-Amino-4-methylcoumarin (AMC; structure **5**, see [Fig. 3](#f0015){ref-type="fig"}) was introduced in a variety of peptidic substrates for a huge number of proteases. However, the use for AMC in PS-SCLs for substrate mapping provides a clear constraint. Those libraries are produced through solid phase synthesis mainly by employing Fmoc-protected amino acids and the peptides are elongated in the C-to-N direction. AMC coupled to the C-terminus of the substrate does not allow evaluation of substrate specificity for amino acids in position P1, because the side chain of a specifically functionalized amino acid P1 has to be fixed at the solid phase.

This limitation was circumvented by the implementation of an altered solid-phase synthesis technique, employing an alkanesulfonamide "safety-catch" linker as follows. The carboxylic group of amino acid P2 is attached to a sulfonamide-modified aminomethyl resin. Subsequently, amino acids P3 and P4 are successively added. Alkylation of the acidic SO~2~NHCO nitrogen with a haloacetonitrile forms a highly reactive *N*,*N*-cyanomethylacylsulfonamide which undergoes regioselective nucleophilic attack of the amino group of the P1 amino acid amide possessing AMC releasing the final coumarinyl substrate. This practice allows the incorporation of the unmodified P1 amino acids and thus the positional profiling of this position \[[@bb0295],[@bb0300]\]. The involvement of the P1 amino acid to reconstruct the specificity profile is also possible by applying 7-amino-4-carbamoylmethylcoumarin (ACC; structure **7**, see [Fig. 3](#f0015){ref-type="fig"}). ACC is bifunctional and can be coupled to the C-terminus of the peptide *via* the scissile amide bond. For the connection to a Rink amide resin, for example, the 7-amino-Fmoc protected free acid of ACC can be used. Cleavage from the resin can be achieved under acidic conditions with triisopropyl silane as reducing scavenger of carbenium ions to generate the final coumarinyl peptide. ACC exhibits a 3-times higher quantum yield compared to AMC, making ACC-based assays more sensitive \[[@bb0270],[@bb0275]\]. AMC and ACC-based PS-SCLs have been utilized for the substrate mapping of several proteases, also including the type II metalloprotease aminopeptidase N \[[@bb0305]\]. In the following, coumarin substrates for serine and cysteine proteases are reviewed \[[@bb0045],[@bb0280],[@bb0290]\], and some recent and significant examples are discussed, including human, bacterial and viral proteases.

4.1. Coumarin substrates for serine proteases {#s0025}
---------------------------------------------

Factor VII activating protease (FSAP) is a human serine protease implicated in thrombosis, atherosclerosis, stroke and cancer. FSAP plays a dual role in hemostasis, being involved in both procoagulant and fibrinolytic pathways. The liver enzyme is secreted as inactive 70 kDa zymogen (pro-FSAP) into the blood plasma. The circulating enzyme seems to conduct an auto-activation, which is triggered through ingredients of damaged cells and on positively and negatively charged macromolecules \[[@bb0310],[@bb0315]\]. Once activated, FSAP can be inhibited by several endogenous inhibitors such as α1-proteinase inhibitor, α2-plasmin inhibitor, antithrombin, C1 inhibitor, plasminogen activator inhibitor-1 \[[@bb0320]\]. The activated FSAP was reported to cleave single-chain urokinase-type plasminogen activator (scuPA) and several other substrates, such as platelet-derived growth factor, basic fibroblast growth factor/epidermal growth factor, histones, high-molecular-weight kininogen and protease activated receptor-2 \[[@bb0310],[@bb0315],[@bb0325]\]. Since the physiological role of FSAP is not fully understood and the significance of certain substrate cleavages has been questioned, knowledge of its substrate specificity and defined peptide substrates to specifically measure FSAP activity in the plasma are required.

Kara et al. performed an FSAP substrate mapping using a diverse PS-SCL of AMC-tetrapeptides. The assays were monitored fluorimetrically with excitation at 380 nm and emission at 460 nm. The preferred P4-P1 sequence was Ala-Lys-Nle-Arg and the corresponding fluorogenic substrate Ac-Ala-Lys-Nle-Arg-AMC exhibited a *k* ~cat~/*K* ~m~ value of 26,300 M^−1^ s^−1^ and a high selectivity for FSAP compared to thrombin, plasmin, FXa, uPA, tPA, FXIIa. After addition of histones to plasma, turnover of this substrate was accelerated, reflecting the histone-mediated activation of pro-FSAP \[[@bb0320]\]. Rut et al. obtained a synthetic FSAP substrate by means of a HyCoSuL with arginine fixed in P1 position and 19 natural and 108 unnatural amino acids in P2-P4 position. ACC was used as fluorophore \[[@bb0330]\]. Excitation was conducted at 320 nm and the emission was measured at 460 nm. The best identified substrate, Ac-Pro-[d]{.smallcaps}-Tyr-Lys-Arg-ACC, showed *k* ~cat~/*K* ~m~ values of 55,045 M^−1^ s^−1^ and 17,833 M^−1^ s^−1^ for the protease domain (amino acids 292--560) of wild-type FSAP and plasma FSAP, respectively ([Fig. 7](#f0035){ref-type="fig"} ). Based on these outcomes, a biotin and a cyanine-5 (Cy5) containing ABPs were designed. For this purpose, the coumarin moiety was exchanged for a diphenyl phosphonate whereby the electrophilic phosphorous atom, in place of the carbonyl carbon, forms a covalent bond to the α‑carbon of the P1 arginine. The probe was assembled through the introduction of the linker-connected biotin or Cy5 substructure at the N-terminus of the peptide. A nucleophilic attack of the active-site serine at the warhead\'s phosphorous leads to irreversible inhibition and labeling of the target protease \[[@bb0330]\]. This prototypical stepwise approach towards an ABP starting from the identification of a preferred amino acid sequence has frequently been demonstrated. Examples include ABPs for cathepsin G \[[@bb0335], [@bb0340], [@bb0345]\], human neutrophil elastase (HNE) and proteinase-3 \[[@bb0350]\], the major secreted serine proteases of neutrophils and mast cells.Fig. 7Exemplary illustration of a protease-catalyzed cleavage of an ACC-based peptidic substrate. Ac-Pro-[d]{.smallcaps}*-*Tyr-Lys-Arg-ACC was identified by employing a PS-SCL \[[@bb0330]\].Fig. 7

Matriptase-2 (MT-2), a member of the type II transmembrane serine proteases (TTSPs), is mainly expressed in the liver. It shares the primary substrate specificity for basic amino acids in P1 position with FSAP and other trypsin-like serine proteases. MT-2 cleaves membrane-bound hemojuvelin, the co-receptor of the bone morphogenic protein (BMP) receptor, resulting in a decreased activation of the SMAD signaling cascade and in a reduced expression of the hepcidin gene. Hepcidin, through interaction with ferroportin, acts as a regulator of the intestinal iron absorption. Accordingly, high activity of MT-2 results in increased iron uptake and MT-2 was considered as a target for the treatment of iron overload diseases and β-thalassemia \[[@bb0355],[@bb0360]\]. ACC-containing peptides were used to elucidate the substrate specificity of MT-2 with respect to the P4-P1 positions. Deconvolution of the applied library provided Ile-Arg-Ala-Arg to comprise the sequence best accepted by MT-2 \[[@bb0365]\]. By dint of this outcome, the substrate specificity for the positions P1´-P3´ was evaluated. By using PS-SCL, IQF heptapeptides were designed, in which positions P1-P4 were occupied by the before determined sequence. N-terminal 2-aminobenzoic acid (Abz) and C-terminal 3-nitrotyrosine were introduced as fluorescence donor and acceptor, respectively. After excitation at 320 nm, cleavage of the substrate after the P1 arginine (in bold) resulted in a rise of fluorescence at 450 nm, because of the henceforward absence of quenching. The best specificity was observed for Abz-Ile-Arg-Ala-**Arg**-Ser-Ala-Gly-Tyr(3-NO~2~)-NH~2~ with a *k* ~cat~/*K* ~m~ value of 454,200 M^−1^ s^−1^ \[[@bb0365]\]. Béliveau et al. incorporated the filaggrin-derived octapeptide Arg-Lys-Arg-**Arg**-Gly-Ser-Arg-Gly into an IQF substrate which possessed a *k* ~cat~/*K* ~m~ value of 230,000 M^−1^ s^−1^ for MT-2 \[[@bb0370]\].

The human serine protease dipeptidyl peptidase-4 (DPP4) is expressed in several tissues and organs and occurs as membrane-associated or secreted enzyme. It cleaves and inactivates the incretins glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP). Incretins constitute metabolic hormones that stimulate, in the presence of high glucose levels, the secretion of insulin from pancreatic beta cells and inhibit the release of glucagon, leading to a downregulation of blood glucose concentration. Accordingly, DPP4 plays a crucial role in glucose homeostasis, and DPP4 inhibitors, such as sitagliptin, are used in the treatment of type-II diabetes mellitus \[[@bb0375]\]. DPP4 cleaves N-terminal dipeptides from polypeptides with a proline residue at the penultimate, *i.e.* P1, position. In order to identify new DPP-4 inhibitors, a suitable sensitive assay for a high-throughput screening is required. A commonly applied principle makes use of fluorescent coumarinyl dipeptides with a free amino group, *e.g.* H-Gly-Pro-AMC \[[@bb0380]\]. Kawaguchi et al. discussed disadvantages of such substrates, such as the excitation by a short wavelength and the short fluorescence life-time. Since the material of microplates scatters short wavelength light, undesirable interferences may occur. To overcome these limitations, a time-resolved fluorescence probe containing an aza-coumarin was developed ([Fig. 8](#f0040){ref-type="fig"} ). The probe contains a lanthanide and is characterized by a large Stokes shift and a long luminescence lifetime, so the short background signals are negligible, resulting in an increased sensitivity for HTS. The substrate\'s strong luminescence is decreased after cleavage through acceptor-excited photo-induced electron transfer (PeT). The *k* ~cat~/*K* ~m~ value of this probe for DPP4 (850,000 M^−1^ s^−1^) is similar to that of H-Gly-Pro-AMC (760,000 M^−1^ s^−1^) \[[@bb0385]\]. Likewise, a ratiometric two-photon fluorescent probe to monitor DPP4 was developed, based upon the cleavage of H-Gly-Pro-OH from 6-amino-2-butyl-1*H*-benzo\[*de*\]isoquinoline-1,3(2*H*)-dione \[[@bb0390]\].Fig. 8Schematic representation of the DPP4 probe containing an aza-coumarin, a chelator moiety and the lanthanide terbium \[[@bb0385]\].Fig. 8

The cytoplasmic bacterial Lon proteases belong to the superfamily of the AAA+ (ATPases associated with various cellular activities) family and include the subfamily LonA, which occurs in bacteria and eukaryotes. LonA features an AAA domain and a proteolytic domain. The AAA domain forms oligomeric ring structures, and substrates are led through this pore into a separate chamber, where they are consumed by the proteolytic domain. Lon proteases are responsible for the degradation of more than 50% of the bacterial misfolded proteins. Even some sequences of cleavage sites are known, the modality of substrate recruitment is not well understood \[[@bb0395]\]. Because the Lon proteases play important roles in biofilm formation and stress tolerance, and inhibitors reduce colonization and virulence, Lon proteases are promising targets for new antibiotics. Lon proteases are serine proteases but possess a serine-lysine dyad, in contrast to most serine proteases with a catalytic triad \[[@bb0400]\]. The majority of Lon-protease inhibitors exhibits no selectivity and interacts with a huge number of serine proteases. Babin et al. introduced a well-tolerated substrate with high selectivity for Lon protease by using a HyCoSuL. Deconvolution led to the substrate Ac-hArg-nptGly-Phe-ACC with a *k* ~cat~/*K* ~m~ value of 25,000 M^−1^ s^−1^. Neopentylglycine in P2 and homoarginine in P3 position resulted in selectivity over other serine proteases. The collected data were used for the assembly of an irreversible inhibitor. A boronic acid was inserted as a warhead, forming a covalent bond with active-site serine, and pyrazine-2‑carbonyl as capping group at the N-terminus to create Pyz-hArg-nptGly-Leu-B(OH)~2~ \[[@bb0405]\].

Several flaviviruses, including Dengue virus (DENV), Japanese encephalitis (JEV), West Nile (WNV) and Zika virus (ZIKV), possess a serine protease referred to as NS2B-NS3. The protein NS2B is integrated in the membrane of the endoplasmic reticulum. NS2B contains a hydrophilic part, essential for the non-covalent interaction with the serine protease NS3. Together they form the complex NS2B-NS3, which plays a crucial role in virus replication. The viral genome encodes a single polyprotein, which is cleaved into structural and non-structural proteins by host proteases and NS2B-NS3 itself \[[@bb0410],[@bb0415]\]. NS2B-NS3 gets more and more in the focus as a promising drug target. By means of an ACC-based HyCoSuL, Rut et al. evaluated the substrate specificity of the P1-P4 positions with 19 natural and 108 unnatural amino acids for the positions P2-P4 and with 139 natural and unnatural amino acids for the P1 position. The best accepted substrates were Ac-D-Arg-Lys-Orn-Arg-ACC with a *k* ~cat~/*K* ~m~ value of 1,104,000 M^−1^ s^−1^ for ZIKV NS2B-NS3 and Ac-D-Lys-Lys-Orn-Arg-ACC with a *k* ~cat~/*K* ~m~ value of 65,300 M^−1^ s^−1^ for WNV NS2B-NS3. By considering these mapping approaches as well as selectivity requirements, ABPs for flaviviral proteases have been developed which share the characteristic dibasic recognition motif ([Fig. 9](#f0045){ref-type="fig"} ). Probe **18** was selective for the DENV2 NS2B-NS3 protease, and **19** had a gradual activity for the proteases from ZIKV, WNF and DENV2 \[[@bb0420]\].Fig. 9Activity-based probes for flaviviral serine proteases with biotin as detectable tag and diphenyl phosphonate as warhead \[[@bb0420]\].Fig. 9

4.2. Coumarin substrates for cysteine proteases {#s0030}
-----------------------------------------------

The cysteine cathepsin family consists of 11 members, most of them possess endopeptidase activity. Typically stored in the acid environment of the lysosome, their primary function is the nonspecific degradation of lysosomal proteins from endocytosis \[[@bb0425], [@bb0430], [@bb0435]\].

Cathepsin B is a ubiquitously expressed enzyme, synthesized as a 339-amino acid pre-proenzyme. Its signal peptide guides the protein to the rough endoplasmatic reticulum, where the short sequence is removed forming procathepsin B. The mature enzyme is generated through autocatalytic activation. The protease features endopeptidase and dipeptidyl carboxypeptidase activity, depending on the translocation of the occluding loop to form an open and closed conformation, respectively. Cathepsin B has been identified as an important tumor-promoting factor. In several cancer types, the enzyme is overexpressed and responsible for the activation of other proteases and the breakdown of the extracellular matrix (ECM), either by extracellular proteolysis catalyzed by the secreted enzyme or after internalization of ECM components, leading to tumor migration, proliferation, angiogenesis, and metastasis. Cytosolic cathepsin B plays a role in cell death by promoting apoptosis, triggered by the activation of caspases 3 and 9 \[[@bb0290],[@bb0430],[@bb0440]\]. Since cathepsin B expression is elevated in cancer cells, its proteolytic activity can be addressed for prodrug activation and drug delivery \[[@bb0445],[@bb0450]\]. Such approaches can make use of coumarin fluorescence. For example, a prodrug system was designed with a dipeptide trigger and a coumarin linker. After proteolytic cleavage, a disassembling cascade was initiated resulting in the release of the anti-cancer drug melphalan and the emergence of the coumarin fluorescence \[[@bb0455]\].

The 333-amino acid pre-proenzyme of cathepsin L traverses a similar way to activation as cathepsin B, and its active form is obtained by autocatalytic cleavage or through the aspartyl protease cathepsin D. Cathepsin L has a strong tumor-promoting function. Besides cathepsin B, it is expressed at high levels in tumors and expression of both enzymes serves as a valuable biomarker. Cathepsin L is involved in endolysosomal and autophagic degradation pathways and plays a role in the accruement of liver fibrosis as well as polycystic and proteinuric kidney diseases, the latter through the cleavage of dynamin. Cathepsin L was reported to attenuate cardiac hypertrophy and to contribute to cardiac repair. Under uncontrolled diabetic conditions, a reduced cathepsin L activity impairs the invasion of circulating endothelial progenitor cells \[[@bb0425],[@bb0440],[@bb0460]\].

While the pre-proenzyme of cathepsin S exhibits 331 amino acids, the mature protein consists out of 217. Contrary to other cathepsins, it is expressed in antigen-presenting cells, localized in lymph and spleen, as well as other immune cells. Cathepsin S is the main processing enzyme of the major histocompatibility complex (MHC) class II-associated invariant chain, displaying a pivotal role in MHC II-dependent antigen presentation. Hence, the endolysosomal activity is crucial for regulating the immune response by B cells, dendritic cells and macrophages and connects cathepsin B to the pathophysiology of autoimmune diseases, such as rheumatoid arthritis, multiple sclerosis, myasthenia gravis and psoriasis. Moreover, the effects of cathepsin S in nociception and atherogenesis might be mediated due the cleavage of a precursor of fractalkine, a large, membrane-bound cytokine protein \[[@bb0425],[@bb0430]\].

The 329-amino acid pre-proenzyme of cathepsin K is activated through auto- or heterocatalysis to the mature 215-amino acid protease. It is mainly expressed in osteoclasts, while its expression rate is triggered by receptor activator of NF-κB ligand (RANKL) and reduced by estrogen and calcitonin. Collagen type I represents 90% of the organic extracellular bone matrix. Cathepsin K, which is stored in cytosolic vesicles, is released in the resorption lacunae, and efficiently cleaves triple helix and telopeptide type I collagen as well as osteonectin. Also proteins, occurring outside of the bone matrix, are substrates of cathepsin K such as aggrecan, type II collagen, and elastin. Its involvement in bone resorption and disease states like osteoporosis and osteoarthritis turned cathepsin K into an outstanding therapeutic target. However, the development of the most promising drug candidate, odanacatib, has been discontinued because of the increased risk of cerebrovascular accidents \[[@bb0435],[@bb0465]\].

Out of several reports on mapping of the non-primed substrate specificity, three will be discussed here. They all used combinatorial peptide libraries with a terminal ACC (**7**, see [Fig. 3](#f0015){ref-type="fig"}) fluorophore and determined the suitability of a substrate sequence by kinetic measurement. Ac-His-Arg-Leu-Arg-ACC (for cathepsin B), Ac-His-Arg-Tyr-Arg-ACC (for cathepsin L) and Ac-Leu-Arg-ACC (for cathepsin K) showed specificity constants (*k* ~cat~/*K* ~m~) of 15,000 M^−1^ s^−1^, 1,900,000 M^−1^ s^−1^ and 340,000 M^−1^ s^−1^, respectively \[[@bb0470]\]. Substrate profiling of cathepsin B by means of a HyCoSuL identified an N-terminal acetylated ACC peptide with cyclohexylalanine (P4), leucine (P3), glutamic acid benzyl ester (P2) and arginine (P1) to be highly selective over related cathepsins and to exhibit a specificity constants of 3,100,000 M^−1^ s^−1^ \[[@bb0475]\]. Accordingly, the substrate specificity of cathepsin L was dissected, leading to the most selective peptide with histidine (P4), [d]{.smallcaps}-threonine (P3), pentafluorophenylalanine (P2) and arginine (P1) characterized by a *k* ~cat~/*K* ~m~ value of 729,200 M^−1^ s^−1^ \[[@bb0480]\]. Subsequently, Poreba et al. designed activity-based probes for cathepsin B and L equipped with an acyloxymethyl ketone warhead and a cyanine-5 fluorophore \[[@bb0475],[@bb0480]\].

7-Amino-4-trifluoromethylcoumarin (AFC, **6**, see [Fig. 3](#f0015){ref-type="fig"}), when released from the peptide substrates possesses a red-shift of excitation and emission, an advantageous feature for monitoring protease activity, compared to AMC and ACC. Dipeptidyl peptidase-1 (DPP1), also referred to as cathepsin C, is expressed in most mammalian tissues and reported to catalytically activate several leukocyte-derived serine proteases. DPP1 is thought to play a role in acute experimental arthritis. DPP1 cleaves dipeptides from the N-termini of substrates. Accordingly, AFC was placed at the C-terminus of an appropriate dipeptide, Gly-Phe, with a free amino group. Enzyme activity was followed at 400 nm (excitation) and 492 nm (emission) and additionally by time-dependent ^19^F NMR spectroscopy to evaluate DPP1 activities in serum samples \[[@bb0485]\].

Three-component probes have been reported for cathepsin B and L that produce in the cleavage step a two-component leaving group which undergoes spontaneous immolation to generate the fluorescent reporter AMC \[[@bb0490],[@bb0495]\].

The SARS-Cov-2 virus out of the *Coronaviridae* family emerged first in the Chinese province Hubei in December 2019 and has since then spread around the world. The main protease SARS-CoV-2 M^pro^, one of the coronaviral nonstructural proteins, constitutes a promising target for the treatment of the global pandemic COVID-19. SARS-CoV-2 M^pro^ cleaves the viral polyprotein to several proteins, which are indispensable for the virus replication. Rut et al. used a HyCoSuL to determine the substrate specificity of the M^pro^ using ACC-labeled substrates. The deconvolution identified the tetrapeptide Ac-Abu-Tle-Leu-Gln-ACC as the best substrate with a *k* ~cat~/*K* ~M~ value of 859 M^−1^ s^−1^ (with Abu = (*S*)-2-aminobutyric acid and Tle = (*S*)-*tert*-leucine). The substrates were excited at 355 nm and the raising fluorescence was measured at 460 nm \[[@bb0500]\].

5. Internally quenched fluorescent peptide substrates {#s0035}
=====================================================

IQF peptides represent excellent tools to reconstruct the specificity profiles of proteases. Several donor/acceptor pairs have been established for the design of combinatorial libraries. These allow the deconvolution of the catalytic specificity of the protease of interest with respect to both, the non-primed and primed positions, and accordingly, the mapping of the non-primed and primed subsites. Suitable substrates for individual proteases can be obtained. Such approaches can circumvent restrictions of kinetically weak or inadequately selective substrates that only address the non-primed region. In the following, we will discuss examples in which coumarins serve as donors and/or quenchers of IQF peptide substrates of serine and cysteine proteases.

5.1. IQF substrates with a C-terminal coumarin moiety {#s0040}
-----------------------------------------------------

The cleavage of plasminogen into plasmin is mediated by two types of activators, urokinase-type plasminogen activator (uPA) and tissue-type plasminogen activator (tPA). Besides their fibrinolytic profile, they are implicated in tissue proliferation and cellular adhesion. uPA, a 411-amino acids protein, consists of a serine protease domain, a kringle domain, and a growth factor domain. Active uPA is generated from the plasma-circulating zymogen prourokinase, which, after cleavage between Lys158 and Ile159, remains connected *via* a disulfide bond. The uPA-mediated plasminogen activation is focalized to the surface of cells expressing the urokinase receptor. uPA, its receptor and endogenous inhibitors, including plasminogen activator inhibitor type 1 (PAI-1), modulate the essential processes of tumor development. In particular, overexpression of uPA has been linked to breast cancer \[[@bb0505]\].

Roubinet et al. reported on a uPA substrate \[[@bb0050]\], which was assembled with coumarin **9** (see [Fig. 3](#f0015){ref-type="fig"}) as solubility-mediating fluorescence donor and a nitro-azobenzene derivative as acceptor with a quenching range between 394 and 506 nm. The enzymatic reaction was followed with excitation and emission wavelengths of 400 nm and 480 nm, respectively. The principle of such quenched substrates is shown for this uPA substrate in [Fig. 10](#f0050){ref-type="fig"} .Fig. 10Exemplary illustration of a protease-catalyzed cleavage of an IQF peptide substrate to monitor the activity of uPA \[[@bb0050]\].Fig. 10

Goldberg et al. utilized a non-scissile thioamide bond within the N-terminal part of the peptide as quencher of the fluorescence emitted by a C-terminal coumarin amino acid (**11**, *n* = 0, X = OMe, see [Fig. 3](#f0015){ref-type="fig"}). Excitation at 330 nm and emission at 390 nm was employed to analyze the activity of different proteases, including trypsin, chymotrypsin, papain and calpain. This noticeable quencher causes an only minimal perturbation of the native structure and efficient photoinduced electron transfer was achieved when the donor/acceptor pair was placed at least up to six amino acids apart \[[@bb0510]\].

Caspases are a family of cysteine proteases with a pronounced primary specificity for aspartic acid in P1 position and are involved in inflammation and apoptosis. All members of the family of caspases are initially synthesized as inactive zymogens. These contain an N-terminal prodomain of variable length, a large central subunit with the active site cysteine, and a small C-terminal domain. Caspases were grouped into three subfamilies, inflammatory, initiator of apoptosis, and effector/executioner caspases. Caspase-1 belongs to the first group and is engaged in the processing of cytokine pro-forms and the release of the maturated pro-inflammatory cytokines IL-1β and IL-18. The executioner caspases 3 and 7 have activity towards multiple substrates, such as Bid, XIAP and gelsolin and initiate a series of events that directly lead to the morphological changes associated with apoptosis \[[@bb0515],[@bb0520]\].

To monitor caspase-1, Ranganathan et al. used an *N*-acetylated pentapeptide with Trp (P4), Glu (P3), His (P2) Asp (P1) and a coumarin amino acid of type **11** (*n* = 0, X = OMe, see [Fig. 3](#f0015){ref-type="fig"}) at P1´ position. The tryptophan moiety was excited at 270 nm and, upon cleavage, increased emission was detected at 345 nm. A specificity constant *k* ~cat~/*K* ~m~ of 150,000 M^−1^ s^−1^ was reported. The coumarin uncommonly acted here as fluorescence acceptor, and the potential advantage of a ratiometric measurement was not taken \[[@bb0525]\].

To detect caspase-3 activity, Mizukami et al. established a novel dual function probe based on fluorescence and ^19^F NMR signal detection and synergizing the advantages of both sensitive methods ([Fig. 11](#f0055){ref-type="fig"} ). Moreover, almost no intrinsic ^19^F NMR signal is detectable in living organisms. The probe consists of a gadolinium-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (Gd^3+^-DOTA) complex, the caspase-3 substrate sequence Asp-Glu-Val-Asp and the coumarin derivative **6** (see [Fig. 3](#f0015){ref-type="fig"}). Substrate cleavage at the C-terminus results in the release of **6** and an increase in fluorescence. The Gd^3+^-DOTA complex in the intact probe quenches the ^19^F NMR signal through a paramagnetic relaxation enhancement (PRE) effect, which disappears upon cleavage. The dual probe exhibited a *V* ~max~/*K* ~m~ value of 7.61 × 10^−3^ s^−1^ compared to 9.91 × 10^−4^ s^−1^ for the Ac-DEVD-AMC substrate \[[@bb0530]\].Fig. 11Representation of ^19^F magnetic resonance imaging combined with coumarin fluorescence for detection of caspase 3 activity \[[@bb0530]\].Fig. 11

Apart from serine and cysteine proteases, the incorporation of a coumarin fluorophore at the C-terminus of IQF substrates has also been demonstrated for other proteases. One example included renin, an aspartyl protease secreted by the kidneys that participates in the renin--angiotensin--aldosterone system. Paschalidou et al. reported on a decapeptide with an N-terminal lysine equipped with a quenching 2,4-dinitrophenyl (DNP) substituent at the α-amino group and a C-terminal (*S*)-2-amino-3-(7-methoxycoumarin-4-yl)propanoic acid (AMP; **11**, X = OMe, *n* = 0, see [Fig. 3](#f0015){ref-type="fig"}) at position P4'. DNP-Lys-His-Pro-Phe-His-**Leu**-Val-Ile-His-AMP exhibited a *k* ~cat~/*K* ~m~ value for human renin of 352,000 M^−1^ s^−1^ \[[@bb0160]\].

The principle of Förster Resonance Energy Transfer (FRET) relies on the detection of the emission of an acceptor chromophore which is excited through energy transfer from a nearby donor chromophore. Obviously, FRET can be utilized for the positional profiling or the establishment of peptidic protease substrates. Okorochenkova et al. constructed a three-fluorophore system including a cleavage site for a trypsin-like protease (Ala-**Lys**-Ala) and a chymotrypsin-like protease (Ala-**Phe**-Ala, P1 amino acids are in bold) in a single compound. The authors introduced a coumarin amino acid of type **10** (*n* = 4, X = N(Et)~2~, see [Fig. 3](#f0015){ref-type="fig"}) C-terminal of the Ala-Lys-Ala motif, fluorescein between both motifs, and rhodamine B N-terminal of the Ala-Phe-Ala motif. This substrate employs a double-FRET mechanism. Following excitation of the coumarin at 435 nm and collecting the three emission signals of coumarin, fluorescein and rhodamine B, it was possible to detect and distinguish the activity of one or two proteases or their mixture. For example, in the presence of chymotrypsin and under excitation of the coumarin, energy transfer to fluorescein and a time-dependent increase of the fluorescein fluorescence occurred, which made ratiometric analyses possible \[[@bb0535]\].

5.2. IQF substrates with an N-terminal coumarin moiety {#s0045}
------------------------------------------------------

IQF peptide libraries with a coumarin positioned N-terminal of the scissile bond and, for example, 4-dimethylamino-azobenzene as quencher have also been launched for fingerprinting experiments towards protease specificity \[[@bb0540]\].

An important class of proteases occurring in neutrophilic granulocytes are the so called neutrophil serine proteases (NSPs), mainly cathepsin G, proteinase 3 and HNE. They are expressed during the myeloblast and promyelocyte stage of differentiation as inactive pre-proenzymes and are stored after N-terminal and C-terminal processing in azurophilic granules. Upon stimuli, the NSPs are released into the phagosome and the extracellular space or associated to the plasma membrane. After fusion of azurophilic granules with vacuoles carrying phagocytosed bacteria, NSPs function in intracellular host defense by degrading bacterial proteins. Once released into the extracellular space, NSPs are responsible for the destruction of proteins of the extracellular matrix including elastin, laminin, type IV collagen and fibronectin. Hence, they participate in neutrophil migration, and are also able to activate or inactivate cytokines. Altered activities of NSPs are connected to different diseases *e.g.* inflammation, infections, cardiovascular diseases, cancer and autoimmune vasculitis \[[@bb0545],[@bb0550]\].

In a combinatorial approach to convolute the P1´ and P2´ specificities of cathepsin G, Lesner et al. acylated the terminal amino group of hexapeptides with 7-methoxy-coumarin-4-yl-acetic acid (MCA) and placed 4-guanidino-*[l]{.smallcaps}*-phenylalanine (Gnf) at P1 position and anthranilamide (ANB) as C-terminal quencher. The assay was performed with an excitation wavelength of 325 nm and an emission wavelength of 400 nm. A specificity constant of 251,920 M^−1^ s^−1^ for MCA-Phe-Val-Thr-Gnf-Ser-Trp-ANB was obtained \[[@bb0555]\]. Groborz et al. evaluated the P1´ to P3´ positions with the fluorophore ACC (**7**, see [Fig. 3](#f0015){ref-type="fig"}) at the N-terminus and the quencher 2,4-dinitrophenyl-lysine (Lys(DNP)) at P4´ position applying 355 nm and 460 nm and identified the cathepsin G substrate ACC-Gly-His(Bzl)-Tle-Pro-Phe-Ser-Asp-Met(O)-Gly-Lys(DNP)-Gly-NH~2~ (with His(Bzl) = *N*-benzylhistidine and Met(O) = methionine *S*-oxide) with a *k* ~cat~/*K* ~m~ value of 206,854 M^−1^ s^−1^ \[[@bb0560]\].

The paracaspase MALT1 is a ubiquitously expressed cysteine protease containing a death domain, three immunoglobulin-like domains and the catalytic caspase-like domain. Its activity is triggered by MALT1-activating receptors. MALT1 acts due to a combination of its scaffolding and proteolytic functions. MALT1 plays a role in adaptive immune responses and, as part of the so-called CBA complex, regulates gene expression by the activation of NF-κB transcription factors and controls transcript stability \[[@bb0565]\]. For full-length MALT1, an IQF substrate was developed with structure ACC-AHX-Ala-Leu-Val-Ser-**Arg**-Gly-Thr-Lys(DNP)-Gly-OH (with AHX = 6-aminohexanoic acid, the P1 amino acid is in bold) exhibiting a *k* ~cat~/*K* ~m~ value of 6300 M^−1^ s^−1^ \[[@bb0570]\].

In the following probe, a coumarin was again positioned at the N-terminus of the peptide. Yuan et al. employed 7-diethylamino-coumarin-3-carboxylic acid as energy donor and a tetraphenylethenethiophene moiety as energy quencher, connected through a caspase-3 specific peptide ([Fig. 12](#f0060){ref-type="fig"} ). The probe is non-fluorescent by itself due to the energy transfer and the dissipation caused by the molecular motion of the quencher. Substrate cleavage renders not only the coumarin to a non-quenched fluorophore, but also the tetraphenylethene derivative to a fluorescent compound. In the absence of the energy transfer, its intramolecular rotation is restricted, leading to fluorescence after excitation at the same wavelength. In the cellular environment, caspases 3 and 7 were able to turn-on the fluorescence of this probe \[[@bb0575]\].Fig. 12A probe to detect caspase activity with a dual signal output \[[@bb0575]\].Fig. 12

Fluorescence quenched peptide substrates have also been widely used to monitor the activity of metalloproteases. Matrix metalloproteinases (MMPs) and the related tumor necrosis factor converting enzyme (TACE) play important roles in cell migration, tissue remodeling and processing of signaling molecules, such as cytokines and adhesion factors. Knight et al. introduced MCA-Pro-Leu-**Gly**-Leu-Dap(DNP)-Ala-Arg-NH~2~ (with H-Dap-OH = 2,3-diaminopropionic acid) as a substrate for MMPs \[[@bb0580]\]. An N-terminal coumarin was also used in an improved and fully water soluble substrate for MMPs and TACE, *i.e.* MCA-Lys-Pro-Leu-**Gly**-Leu-Dap(DNP)-Ala-Arg-NH~2~ \[[@bb0585]\]. The following peptide sequence was employed for a MMP-2 substrate, Gly-Pro-Leu-**Gly**-Val-Arg-Gly-Lys-Gly-Gly, with 3-carboxy-7-diethylaminocoumarin coupled to the N-terminal glycine and (4-((4-(dimethylamino)phenyl)azo)benzoic acid) attached to the side chain of lysine \[[@bb0590]\]. To monitor MMP-12 activity, several ratiometric FRET substrates were developed based on the sequence Pro-Leu-**Gly**-Leu-Glu-Glu-Ala. The following FRET pairs were introduced, coumarin 343 (**8**, see [Fig. 3](#f0015){ref-type="fig"}) / TAMRA, 3-carboxy-7-diethylaminocoumarin / Oregon green and coumarin 343 / 3-carboxy-7-methoxycoumarin. The N-terminal fluorophores (excitation at 350--450 nm, emission at 410--490 nm) were amide-connected to proline. The C-terminal fluorophores (emission 490--575 nm) were coupled to the ε-amino group of a lysine moiety whose α-amino group was linked *via* 2-(2-(2-aminoethoxy)ethoxy)acetic acid to the alanine of the aforementioned sequence \[[@bb0595]\]. Two quenched substrates, donor-Gly-Pro-Leu-**Gly**-Leu-Lys(DNP)-Ala-Arg-NH~2~ with (7-amino-coumarin-4-yl)acetyl and (7-methoxy-coumarin-4-yl)acetyl as donors, showed *k* ~cat~/*K* ~m~ values for MMP-2 of 278,800 M^−1^ s^−1^ and 179,900 M^−1^ s^−1^, respectively, and for MMP-9 of 89,200 M^−1^ s^−1^ and 82,400 M^−1^ s^−1^, respectively \[[@bb0600]\].

5.3. IQF substrates with two coumarin moieties {#s0050}
----------------------------------------------

The fluorescence properties of coumarins can be fine-tuned through well-considered molecular design. Thus, it is possible to employ two different coumarins as a FRET pair positioned at both sides of the scissile peptide bond. Gehrig et al. demonstrated that such a substrate is suitable to monitor the activity of HNE and mouse neutrophil elastase. 7-Methoxy-coumarin-3-carboxylic acid was excited at 354 nm and coumarin 343 (**8**, see [Fig. 3](#f0015){ref-type="fig"}) emitted light of 490 nm ([Fig. 13](#f0065){ref-type="fig"} ). The analysis of this true FRET substrate included a ratiometric approach, considering increasing fluorescence at 400 nm and the decreasing fluorescence at 490 nm in the course of substrate consumption \[[@bb0605]\].Fig. 13A FRET probe for mouse and human neutrophil elastases (NEs) \[[@bb0605]\].Fig. 13

Wysocka et al. established an IQF-substrate based assay to simultaneously monitor the activity of the three NSPs, cathepsin G, proteinase-3 and HNE using only one single measurement. For this purpose, three different donor/acceptor pairs were incorporated into three different peptide sequences, leading to three individual and selective substrates. Substrate cleavage led to an increasing fluorescence of the respective donor at 395 nm (proteinase-3), 445 nm (cathepsin G) and 490 nm (HNE). In two cases, coumarins were incorporated both as donors and quenchers. The proteinase-3 substrate (*k* ~cat~/*K* ~M~ = 524,100 M^−1^ s^−1^) was assembled with lysines acylated with coumarins **11** (*n* = 3, X = OMe and X = OH, see [Fig. 3](#f0015){ref-type="fig"}) as donor and quencher, respectively. The cathepsin G substrate (*k* ~cat~/*K* ~M~ = 379,000 M^−1^ s^−1^) was designed with lysine acylated with 7-hydroxy-4-methyl-coumarin-3-yl-acetic acid as donor and with ornithine acylated with coumarin 343 (**8**, see [Fig. 3](#f0015){ref-type="fig"}) as quencher \[[@bb0610]\]. An overview on the protease substrates discussed in the review is given in the Supplementary material.

6. Activity-based probes {#s0055}
========================

Fluorescent activity-based probes have become a powerful tool in enzyme research, *e.g.* for the localization and imaging of enzymatic activities in biological systems by virtue of the high sensitivity, nondestructive analysis, and real-time detection abilities of the probes. ABPs enable the analysis of only the active form of the target enzyme, which is beneficial, because the enzymatic activity does not necessarily correlate with the expression level of the protein \[[@bb0065]\]. Coumarins do not represent the most frequently applied fluorophores to generate ABPs for serine and cysteine proteases, but relevant recent examples will be discussed in the following.

6.1. Activity-based probes for serine proteases {#s0060}
-----------------------------------------------

In order to design an ABP for the serine protease matriptase-2, substrate mapping approaches and the consideration of the endogenous substrate were used as point of origin. Because the S1 and the S3/S4 subunits prefer basic amino acids, in particular arginine, two guanidinophenyl groups were introduced as arginine mimetics. A coumarin label was inserted into corresponding phosphonate inhibitors leading to probe **20** ([Fig. 14](#f0070){ref-type="fig"} ) \[[@bb0615]\]. The nucleophilic attack conducted by the catalytic OH group at the warhead\'s phosphorus resulted in the elimination of one phenoxy group, the formation of a new P--O bond and irreversible inhibition. The "Eastern" guanidinophenyl moiety was assumed to interact with the S1 pocket and the "Western" one to extend towards the S3/S4 pocket. Compound **20** with the (*R*)-configured warhead and the (*S*)-configured amino acid possessed a *k* ~inac~/*K* ~i~ value of 50.4 M^−1^ s^−1^. The applicability of **20** as ABP was demonstrated by in-gel fluorescence detection of matriptase-2 after treating the medium of stably transfected human embryonic kidney (HEK) cells with **20** and subjecting the mixture to SDS-PAGE.Fig. 14A phosphono dipeptide ABP for matriptase-2 \[[@bb0615]\].Fig. 14

Matriptase, one of the best characterized TTSP and a close relative of matriptase-2, is mainly expressed in epidermis, salivary gland, thyroid, stomach, kidney, prostate and ovaries as an inactive zymogen and has to be converted in an autocatalytic manner into its active form. Matriptase processes several proteins, such as hepatocyte growth factor/scatter factor, uPA and protease-activated receptor 2 which play critical roles in tumorigenesis and trigger other signaling pathways related to cancer proliferation and metastasis \[[@bb0620]\]. An ABP for matriptase (**21**, [Fig. 15](#f0075){ref-type="fig"} ) also included the diphenyl phosphonate warhead and two arginine mimetics expected to occupy the S1 and S2 subunits. The coumarin fluorophore was assumed to be orientated towards the S3/S4 region. The second-order rate constant for inactivation of matriptase (*k* ~inac~/*K* ~i~ = 576 M^−1^ s^−1^) was one order of magnitude higher than that for matriptase-2. Probe **21** was successfully employed for direct fluorescence readout after SDS-PAGE and HPLC size-exclusion chromatography coupled to fluorescence detection \[[@bb0625]\].Fig. 15A matriptase-directed ABP for in-gel and HPLC fluorescence detection \[[@bb0625]\].Fig. 15

Sulfonyloxyphtalimides are mechanism-based inhibitors of serine proteases whose interaction involves a nucleophilic attack of the active-site serine, ring opening, Lossen rearrangement of the *O*-sulfonyl hydroxamic acid intermediate, and trapping of the resulting isocyanate by water or a second adjacent active-site nucleophile \[[@bb0630]\]. This principle was adapted for the design of the ABP **22** targeting human neutrophil elastase ([Fig. 16](#f0080){ref-type="fig"} ) \[[@bb0635]\]. The coumarin tag of the probe allowed for the in-gel fluorescence detection of HNE with a low-nanomolar probe concentration. The reaction of porcine pancreatic elastase with **22** was followed by analyzing the fluorescence kinetics. A FRET was applied by exciting the anthranilic acid fluorophore at 320 nm and detecting the emission of coumarin 343 at 490 nm. However, at an excitation wavelength of 258 nm for the enzyme\'s tryptophan, a double-FRET system was realized. By monitoring the later stages of the reaction, the half-life of the anthranoyl enzyme **23** (3.3 h) could be determined.Fig. 16An ABP for elastases. Implementation of the Lossen rearrangement to induce Förster Resonance Energy Transfers \[[@bb0635]\].Fig. 16

6.2. Activity based probes for cysteine proteases {#s0065}
-------------------------------------------------

Cysteine cathepsins represent a promising target for activity-based probing. For the purpose of establishing an ABP with cathepsin S preference, an α,β-unsaturated Michael acceptor was used as a soft-electrophile warhead ([Fig. 17](#f0085){ref-type="fig"} ). The formation of a covalent sulfur-β‑carbon bond led to an irreversible inhibition. In the predicted binding mode, the vinyl sulfone moiety extended towards the S1´ pocket and the hydrophobic S2 subsite was occupied by phenylalanine. Probe **24** was selective for cathepsins S and L (*k* ~inac~/*K* ~i~ = 49,000 M^−1^ s^−1^ and 16,900 M^−1^ s^−1^) over cathepsins K and B (*k* ~inac~/*K* ~i~ \< 900 M^−1^ s^−1^). The feasibility of compound **24** for direct in-gel fluorescence detection and for labeling of native cathepsin S in the protein extract from human placenta was demonstrated \[[@bb0640]\].Fig. 17A tripeptidomimetic ABP for cysteine cathepsins \[[@bb0640]\].Fig. 17

Dipeptide nitriles are well-established covalent inhibitors of cysteine proteases forming thioimidates with the active-site cysteine \[[@bb0435]\]. The inhibition is not irreversible, and the adduct can dissociate and release the enzyme. This is the reason that peptide nitriles are not suitable as ABPs for in-gel detection. However, the labelling with a coumarin can be performed to study the cellular uptake by fluorescence measurements. A prototypical cathepsin inhibitor structure was equipped with coumarin 343 leading to **25** ([Fig. 18](#f0090){ref-type="fig"} ) \[[@bb0645]\]. The integration of an isobutylsulfonylcysteine at P2 provides particular affinity for cathepsin S, while the tetracyclic coumarin fits in the deep S3 pocket of cathepsin K. Accordingly, a dual-active, sub-micromolar inhibitor was obtained. HEK cells were treated with **25** for different incubation times and cell lysates were analyzed with an excitation wavelength of 450 nm and an emission wavelength of 492 nm. The protein concentration was used as a relative benchmark for the cellular uptake of **25** \[[@bb0645]\].Fig. 18A fluorescence-labeled dipeptide nitrile for cellular uptake studies \[[@bb0645]\].Fig. 18

7. Conclusion {#s0070}
=============

Coumarins are valued for their fluorescence properties with rather large Stokes shifts and the opportunity to fine-tune the photochemical features by the tailored control of bond rotations and introduction of substituents. The coumarin scaffold is easily accessible by chemical synthesis. A particular advantage is the small size of coumarins which predestinate their incorporation into the side chain of amino acids. The resulting fluorescent amino acids can easily be introduced into peptides. This allows for the design of fluorescent peptides as valuable tools for the active-site mapping of proteases. Fluorophore/quencher pairs or FRET donor/acceptor pairs can be placed at the termini or inserted inside of these peptides. Besides the utilization of coumarins as structural components of substrates, they can also be beneficially applied for the design of activity-based probes for serine and cysteine proteases.
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